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INTRODUCTION
It is well known that, in teleosts, as in other oviparous vertebrates, estrogens play important roles in reproduction, such as induction of the precursor of yolk protein (vitellogenin) in the liver [1] and the positive-and negative-feedback control of gonadotropin synthesis and secretion in the pituitary [2, 3] . Estradiol-17␤, the main estrogen of teleosts, is produced in the ovarian follicle in response to gonadotropins (GTHs). In salmonids, during vitellogenesis, GTH stimulates testosterone production in the thecal cells, which is in turn aromatized to estradiol-17␤ in the granulosa cells (two-cell-type model) [4] . Cytochrome P450 aromatase (P450arom) is the key enzyme for conversion of testosterone to estradiol-17␤ in the granulosa cells. P450arom cDNAs have been isolated and characterized in several teleost species [5] [6] [7] [8] [9] [10] , including red seabream [11] . P450arom mRNA levels are increased in association with increases of enzyme activity during vitellogenesis in medaka [7] . Our recent studies demonstrated that P450arom mRNA levels increase in vitellogenic follicles and decrease during the final oocyte maturation of red seabream [11] . However, the mechanisms regulating P450arom gene expression and estradiol-17␤ production in the ovarian follicles have not been elucidated precisely.
In teleosts, as in mammals, biochemical analyses [12] [13] [14] and molecular cloning studies [15] [16] [17] [18] have demonstrated that there are two distinct GTHs: namely, GTH-I, which is homologous to FSH; and GTH-II, which is homologous to LH [19] . In salmonids, FSH is elevated during vitellogenesis, whereas LH appears during final oocyte maturation and ovulation in females [20, 21] . Moreover, in salmonids, P450arom enzyme activity [22] and its mRNA levels [5] also increase during the vitellogenic oocyte growth. These results suggest that FSH regulates estradiol-17␤ production through stimulating P450arom gene expression and enzyme activity during the vitellogenic period. In vitro experiments have shown that GTH induces P450arom activity (conversion of T to E2) in ovarian follicles of goldfish [23] and medaka [24] but not in amago salmon [25] . However, it remains unclear whether FSH or LH can stimulate the expression and activation of P450arom in teleost fish because most in vitro studies have been performed with either partially purified chinook salmon GTH (SG-G100) [25] or heterologous GTH, such as human chorionic gonadotropin [23] and pregnant mare serum gonadotropin [24] .
Many recent studies in mammals [26, 27] have reported the involvement of growth factors, such as insulin-like growth factor-I (IGF-I), and transforming growth factor-␤ (TGF␤) in follicular development and oocyte maturation. In teleosts, IGF-I participates in the physiological regulation of the teleost ovary. Our studies have demonstrated that IGF-I is produced in the ovarian follicle of red seabream [28, 29] and induces final oocyte maturation and maturational competence (responsiveness to maturation-inducing steroid) [30] . Maestro et al. [31] showed that recombinant IGF-I stimulated the production of estradiol-17␤ in the granulosa cell layers of coho salmon. However, there has been no detailed experiment on the effects of growth factors on aromatase activity in teleost ovarian follicles.
Red seabream provides an interesting and unique model for investigating hormonal regulation of P450arom in fish reproduction. In contrast with salmonids, red seabream have an asynchronous-type ovary and spawn almost every day during the spawning season. Our recent studies have demonstrated that LH␤ mRNA is maintained at high levels from the beginning of vitellogenesis to spawning period, whereas FSH␤ mRNA remained at low levels throughout sexual maturation in female red seabream [18] . Moreover, an increase of LH␤, but not FSH␤, correlated with the in -FIG. 1 . Effects of various growth factors and red seabream gonadotropins on estradiol-17␤ production by ovarian fragments of red seabream in vitro. Ovarian fragments were incubated in 1 ml incubation medium containing 100 ng/ml testosterone for 24 h at 20ЊC. Concentration of all growth factors was 100 ng/ml. Concentrations of LH and FSH were 100 ng/ml. Data were subjected to ANOVA followed by Duncan multiplerange test. Means with different letters differ significantly in each series.
crease in P450arom mRNA levels during the course of ovarian development induced by GnRH analogue (GnRHa) implantation [11] . From these results, it is hypothesized that LH, but not FSH, regulates estrogen biosynthesis through an increase in P450arom gene expression. However, the effects of LH and FSH on P450arom gene expression in teleosts have not been elucidated.
Therefore, the aim of the present study was to elucidate the role of FSH, LH, and IGF-I on aromatase activity and P450arom gene expression in the ovarian follicles of red seabream by means of in vitro incubation of ovarian follicles with these factors.
MATERIALS AND METHODS

Animals and Tissue Collection
Sexually mature 2-or 3-yr-old red seabream, Pagrus major, between 1.5 and 2 kg body weight, which were kept in net pens in Gokasho Bay, Nansei, Mie, Japan, were transferred and kept in a flow-through outdoor tank (2000 L) at the National Research Institute of Aquaculture under natural conditions. In the presence of males, most females spawn daily in the evening (1700-1900 h) during the spawning season (April and May). Fish were deeply anesthetized with 2-phenoxyethanol and killed by decapitation from 1400 to 1700 h. Ovaries were removed and placed in icecold Leibovitz culture medium (Flow Laboratories Ltd., Ivine, Scotland), pH 7.4, supplemented with 2.5 g Hepes, 0.1 g streptomycin, 100 000 IU penicillin, and 1 g bovine serum albumin per liter.
Tissue Preparation and Incubation
After ovaries were dissected into small pieces in ice-cold culture medium, oocytes with follicle layers were dispersed by pipetting the ovarian pieces. After full-grown oocytes, which are responsive to maturation-inducing steroid (maturationally competent oocytes), and oocytes at the mature stage were removed by sieving through stainless steel wire mesh (i.d. ϭ 625 m), the remaining ovarian fragments containing vitellogenic oocytes (approximately 250-450 m in diameter) and nonvitellogenic oocytes at the perinucleolous stage were collected. Thirty milligrams of ovarian fragments were incubated in 24-well culture plates containing 1 ml of medium. Controls consisted of oocyte incubated in hormone-free medium. Three replicates were made for each treatment and dose. After incubation for 24 h at 20ЊC in a humidified incubator with atmosphere of 100 % air, incubation media were collected and were frozen at Ϫ20ЊC until RIA for estradiol-17␤ [32] . Total RNA extraction from a pool of ovarian fragments and Northern blot analysis were performed as described below.
RNA Isolation and Northern Blot Analysis
Total RNA was isolated using the acid guanidium thiocyanate-phenolchloroform extraction procedure [33] . Enrichment of poly(A)
ϩ RNA was performed using oligo (dT) 18 cellulose column (Amersham Pharmacia Biotech, Uppsala, Sweden). Northern blot analysis was performed as described previously [11] . Briefly, 5 g of poly(A) ϩ from ovarian follicles were subjected to electrophoresis in a 1% (wt/vol) agarose/formaldehyde gel, transferred overnight to a Hybond N ϩ nylon membrane (Amersham Pharmacia Biotech), and fixed to the membrane by baking at 80ЊC for 2 h. The membrane was then prehybridized for 4 h at 42ЊC in 5ϫ SSPE (1ϫ SSPE ϭ 150 mM NaCl, 10 mM sodium phosphate buffer, and 1 mM EDTA, pH 7.4) with formamide (50%), BSA (0.1%), Ficoll (0.1%), polyvinylpyrrolidone (0.1%), sodium dodecyl sulfate (SDS; 0.5%), and denatured calf thymus DNA (50 g/ml). Hybridization with a 32 P-labeled 1.5-kilobase (kb) complementary DNA (cDNA) fragment (nucleotides 27-1583) of red seabream P450arom [11] was carried out overnight at 42ЊC. The probes were labeled with [␣-32 P] deoxy-CTP using a Random Primer DNA Labeling Kit (Takara Bio Inc., Shiga, Japan) and diluted to 1 ϫ 10 6 cpm/ml. The membrane filter was washed at 65ЊC with several buffer changes of decreasing SSPE (pH 7.4) concentrations from 2ϫ to 0.1ϫ and exposed to x-ray film with an intensifying screen at Ϫ70ЊC. For normalization of data, blot was stripped by boiling in 0.1% SDS before reprobing with a 32 P-labeled 0.4-kb cDNA fragment of red seabream ␤-actin (kindly provided by Dr. G. Yoshizaki, Tokyo University of Fisheries, Tokyo, Japan). The band intensities were subsequently measured using a BetaScope Model 603 Blot Analyzer (Aloka, Tokyo, Japan). All values for mRNA levels were arbitrary radioactive units after standardizing with the levels of ␤-actin.
Hormones and Chemicals
The following human recombinant growth factors (all from Cosmo Bio Co., Ltd., Japan) were used in the present study: epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), transforming growth factor-␣ (TGF␣), TGF␤1, TGF␤2, leukemia inhibitory factor (LIF), stem cell factor (SCF), tumor necrosis factor-␣, and insulin-like growth factor-I (IGF-I). Red seabream FSH and LH were purified from the pituitaries of mature red seabream in the spawning season [14] . Red seabream FSH and LH simulates in vitro production of 11-ketotestosterone, a major androgen in teleost in sliced testis of red seabream in a similar potency [34] . However, LH stimulates in vitro estradiol-17␤ production of ovarian fragments, but FSH has much less potency [35] and LH, but not FSH, induces final maturation and the development of maturational competence of oocytes of red seabream in vitro [34] .
Analysis
Data obtained from two or three replicated experiments showed a similar tendency and therefore one of the data of each experiment was used in the present study. All data are expressed as mean Ϯ SEM of three replicate incubations. Group means were compared by ANOVA with Duncan multiple-range test. Comparison between two means was made with Student t-test. For all statistical tests, values were considered significantly different with P values of less than 0.05.
RESULTS
Effects of Various Growth Factors and Red Seabream FSH and LH on Aromatase Activity
Aromatase activity, which was estimated by in vitro conversion of testosterone (100 ng/ml) to estradiol-17␤ in the ovarian fragments of red seabream, was stimulated by LH at a concentration of 100 ng/ml (P Ͻ 0.01) but not by FSH (100 ng/ml) (Fig. 1) . Of the growth factors, only IGF-I at a concentration of 100 ng/ml stimulated aromatase activity. The other growth factors, used at a concentration of 100 ng/ml, did not enhance aromatase activity. Aromatase activity was decreased significantly (P Ͻ 0.05) by some growth factors (EGF, bFGF, TGF␣, TGF␤, LIF, and SCF).
Effects of Different Doses of IGF-I on Aromatase Activity and Its Time-Course Effects
IGF-I alone at doses of 2, 10, and 50 nM did not affect estradiol-17␤ production by ovarian fragments of red sea- Ovarian fragments were incubated in 1 ml incubation medium containing testosterone (T, 100 ng/ml, open circle) with FSH (100 ng/ml, closed square) or LH (100 ng/ml, closed triangle) for 48 h at 20ЊC. Data were subjected to ANOVA followed by Duncan multiple-range test. Means with different letters differ significantly in each series. *, Significant difference between LH-(or FSH) added group and testosterone-alone group by Student t-test.
bream (Fig. 2) . Addition of testosterone by itself for estimation of aromatase activity increased esradiol-17␤ production by ovarian fragments. Moreover, IGF-I stimulated estradiol-17␤ production in a dose-dependent manner when testosterone (100 ng/ml) was added into the incubation medium (Fig. 2) . IGF-I-stimulated aromatase activities were significantly increased at 12 h (P Ͻ 0.01) and attained maximum level at 18 h after incubation (P Ͻ 0.01) and maintained high levels thereafter (Fig. 3) . IGF-I-stimulated aromatase activities were significantly higher than those of the testosterone-alone group from 12 to 24 h.
Effects of Different Doses of Red Seabream FSH and LH on Aromatase Activities and Its Time-Course Effects
FSH did not stimulate aromatase activity (conversion of testosterone to estradiol-17␤) at any concentrations (11, 33, 100, 300 ng/ml) used in the present experiment (Fig. 4) . LH stimulated aromatase activity at concentrations of 100 and 300 ng/ml (P Ͻ 0.05). No significant increase of aromatase activity was observed at concentrations of 11 and 33 ng/ml. LH-stimulated aromatase activities were significantly increased and attained maximum levels at 12 h (P Ͻ 0.05) and maintained high levels thereafter (Fig. 5) . LHstimulated aromatase activities were significantly higher than those of the group from 12 to 24 h. Aromatase activities slightly increased in FSH and testosterone-alone incubation groups, but no significant difference was observed between these two groups.
Effects of Red Seabream FSH and LH Alone and in Combination with IGF-I on Estradiol-17␤ Production
FSH did not stimulate estradiol-17␤ production in the ovarian fragments at concentrations of 33 and 100 ng/ml (Fig. 6) . LH stimulated estradiol-17␤ production by ovarian fragments at concentrations of 33 (P Ͻ 0.05) and 100 ng/ ml (P Ͻ 0.01). Addition of IGF-I (10 nM) did not alter the effects of either FSH and LH on estradiol-17␤ production by ovarian fragments when testosterone was absent from the incubation medium, although IGF-I slightly but signif-
FIG. 6. Effects of red seabream FSH, LH, and IGF-I on estradiol-17␤
production in ovarian follicles of red seabream in vitro. Ovarian fragments were incubated in 1 ml incubation medium containing red seabream FSH or LH alone (33, 100 ng/ml) or in combination with IGF-I (10 nM) for 24 h at 20ЊC. Data were subjected to ANOVA followed by Duncan multiplerange test. Means with different letters differ significantly in each series.
FIG. 7. Effects of red seabream FSH, LH
, and IGF-I on aromatase activity in ovarian follicles of red seabream in vitro. Ovarian fragments were incubated in 1 ml incubation medium containing red seabream FSH or LH alone (33, 100 ng/ml) or in combination with IGF-I (10 nM) for 24 h at 20ЊC. Testosterone (100 ng/ml) was added to all incubations. Data were subjected to ANOVA followed by Duncan multiple-range test. Means with different letters differ significantly in each series.
icantly decreased LH-stimulated estradiol-17␤ production at a concentration of 100 ng/ml of LH.
Effects of Red Seabream FSH and LH and in Combination with IGF-I on Aromatase Activities
LH but not FSH stimulated aromatase activity (conversion of testosterone to estradiol-17␤) at concentrations of 33 and 100 ng/ml (P Ͻ 0.05). Aromatase activity was significantly increased (P Ͻ 0.05) when ovarian fragments were incubated with LH at a concentration of 100 ng/ml in combination with IGF-I (10 nM) (Fig. 7) . However, FSH at concentrations of 33 and 100 ng/ml and the low concentration of LH (33 ng/ml) did not enhance aromatase activity in combination with IGF-I.
Effects of Red Seabream FSH, LH, and IGF-I on P450arom mRNA Expression in Ovarian Fragments
LH alone (100 ng/ml) but not FSH alone stimulated P450arom mRNA expression in ovarian fragments of red seabream in vitro (P Ͻ 0.05). IGF-I alone also stimulated P450arom mRNA expression (P Ͻ 0.01), roughly tripling its expression relative to no IGF-I (Fig. 8) . P450arom mRNA expression induced by IGF-I was not affected by FSH, but addition of LH-enhanced IGF-I-stimulated P450arom mRNA expression in the ovarian fragments. Addition of LH roughly doubled mRNA expression relative to IGF-I alone, and the combined actions of LHϩIGF-I led to a 4-fold increase over the no-treatment control.
DISCUSSION
IGF-I was the only growth factor that stimulated the conversion of testosterone to estradiol-17␤ (aromatase activity) in the ovarian fragments of red seabream. Other growth factors either did not stimulate or significantly decreased aromatase activity. In mammals, IGF-I [26] potentiates FSH-induced aromatase activity but EGF and TGF␤ [27] inhibit aromatase activity. FGF [36] exerts a dual inhibitory action on ovarian estrogen production by reducing androgen substrate and by attenuating granulosa cell aromatase activity. In teleosts, Maestro et al. [31] showed that IGF-I stimulated the production of estradiol-17␤ by the granulosa cell layers of coho salmon. Behl and Pandey [37] reported that IGF-I stimulated aromatase activity during the 48-h culture of small ovarian follicles of carp. Data from the present study are consistent with these previous data obtained in both mammals and teleost fish. The involvement of IGF-I in the stimulation of aromatase activity in the ovary may have evolved early in vertebrate evolution.
The present study shows for the first time in teleosts that IGF-I stimulated gene expression of P450arom in the ovarian fragments. This is also consistent with the previous results obtained in mammals [38] . Immunocytochemical studies showed that IGF-I immunoreactivity is localized in the granulosa cells of the red seabream and increased in vitellogenic follicles [28] . Moreover, IGF-I receptors are present in both the granulosa and theca-interstitial cell layers of the salmon ovarian follicle [31] and carp ovary [39] . These data indicate that IGF-I produced in the granulosa cells regulates aromatase activity in the granulosa cells through autocrine mechanisms. IGF-I has been shown to induce oocyte maturation and maturational competence (acquisition of responsiveness to maturation-inducing steroids) in the red seabream [30] . The present study in combination with the previous studies indicates that IGF-I may regulate several processes involved in ovarian development in teleost fish.
The present study also shows that IGF-I did not affect LH-induced estradiol-17␤ production in the ovarian fragments when testosterone was absent from the incubation medium. These results are in contrast with the stimulatory effects of IGF-I on aromatase activity in the ovarian follicles of red seabream. Maestro et al. [31] showed that IGF-I inhibited the basal and/or LH-stimulated production of testosterone and 17␣-hydoroxyprogesterone, the major steroids produced by isolated theca-interstitial and granulosa layers during the preovulated period. Therefore, in case of the red seabream, IGF-I may inhibit LH-induced precursor production in the theca cell layer, resulting in no significant increase or significant decrease in estradiol-17␤ production in the absence of precursor (testosterone) despite IGF-Istimulated aromatase activity in ovarian fragments. As suggested for the mammalian ovary [26] , the opposite effects of IGF-I on the two follicular layers are a reflection of the possible predominant paracrine/autocrine role of IGF-I in the red seabream ovary. Srivastava and Van Der Kraak [40] reported that insulin, but not IGF-I, enhanced the stimulatory effects of human chorionic gonadotropin on steroid production in goldfish vitellogenic follicles. As suggested ϩ RNA isolated from ovarian fragments was subjected to Northern blot analysis. The blot was hybridized first with the P450arom cDNA probe (upper panel) and then stripped and hybridized with the ␤-actin cDNA probe (lower panel). Data were subjected to ANOVA followed by Duncan multiple-range test. Means with different letters differ significantly in each series.
previously, if the differential regulation of steroidogenesis by IGF-I in theca cell layer and granulosa cell layer are also present in the goldfish ovary, it is conceivable that the net result of the inhibitory and stimulatory steroidogenic effects of IGF-I in theca and granulosa cell layers may be the absence of steroid output from the intact ovarian follicle.
The present study shows that LH, but not FSH, stimulated aromatase activity in the ovarian fragments of red seabream, although it cannot be ruled out that LH itself produces androgen, which in turn metabolizes into estradiol-17␤. Moreover, LH stimulated the expression of P450arom mRNA and IGF-I enhanced LH-induced P450arom mRNA expression. Previous studies have shown that GTH stimulated aromatase activity in ovarian follicles of goldfish [23] and medaka [24] . However, these studies did not use purified LH and FSH of teleosts in their in vitro experiments. They used human chorionic gonadotropin [23] or pregnant mare serum gonadotropin [24] . The present study is consistent with our previous data showing that the biological activity of FSH is much lower than that of LH for inducing in vitro estradiol-17␤ production of vitellogenic ovarian fragments [35] . Elevations in the abundance of ␣-glycoprotein subunit and LH␤ transcripts were observed during vitellogenesis induced by GnRH cholesterol pellet implantation, whereas no apparent change was observed in the abundance of FSH␤ transcripts during the entire sampling period [11] . This is consistent with our recent observations that FSH␤ mRNA of female red seabream is maintained at low levels during sexual maturation, whereas LH␤ mRNA levels, which are correlated with serum LH levels, are high from the beginning of early vitellogenesis to the spawning season in female red seabream [18] . P450arom gene expression in the ovaries increased in association with the increase of LH␤ and serum estradiol-17␤ levels during gonadal development induced by GnRHa implantation [11] . These in vitro results and in vivo data on LH and FSH gene expression strongly suggest that LH, but not FSH, stimulates estradiol-17␤ production through regulating aromatase gene expression in the ovarian follicles of red seabream. This is in sharp contrast with the data obtained from salmonid fish. In salmonids, although LH and FSH have almost the same ability to increase estradiol-17␤ production by vitellogenic ovarian follicles in vitro [12] , FSH is thought to be implicated in estradiol-17␤ production during the vitellogenic stage because FSH predominates in plasma during the initial phase of vitellogenesis whereas LH increases during the final stage of oocyte development [20, 21] . In red seabream, LH, but not FSH, induces maturational competence and final oocyte maturation (induction of germinal vesicle breakdown) [34] . Therefore, LH may regulate the entire process of oocyte development in red seabream. It is well known that FSH induces P450arom mRNA expression in rat granulosa cells [41, 42] , whereas an LH surge exerts a negative effect on steadystate levels of P450arom mRNA [43] . In salmonids, Maestro et al. [31] reported that LH inhibits estradiol-17␤ production in the prematurational ovarian granulosa cell layer of coho salmon and LH, on the other hand, stimulated 17,20␤-dihydroxy-4-pregnen-3-one production. These authors therefore proposed that LH regulates the steroidogenic shift from estradiol-17␤ synthesis to DHP synthesis. The shifting secretion of GTHs (from FSH to LH) during final oocyte maturation and ovulation is present in both salmonids and mammals. However, our studies suggest that FSH may not have physiological functions in oogenesis in red seabream. Thus, further studies are needed to address the question of how LH regulates both estradiol-17␤ and maturation-inducing steroid production in the ovarian follicle of red seabream. In mammals, FSH stimulates levels of IGF-I mRNA [44] in porcine granulosa cells in vitro, although FSH does not have a major role in regulation of IGF-I mRNA expression in granulosa cells of murine [45] . Moreover, it has been reported that FSH up-regulates expression of the type I IGF-I receptor gene in rat [46] . Therefore, in red seabream, FSH may have roles in these phenomena reported in mammals. Further studies are necessary to clarify the role of FSH in oogenesis.
The present study shows that IGF-I stimulated the conversion of testosterone to estradiol-17␤ (aromatase activity) and P450arom gene expression in the ovarian fragments of red seabream. The present study also shows that LH, but not FSH, stimulated both aromatase activity and the expression of P450arom mRNA. IGF-I amplified the LH-induced aromatase activity in the ovarian fragments. These results and our previous data indicate that LH, but not FSH, stimulates aromatase activity through its effects on P450arom gene expression in the ovarian follicle of red seabream during the vitellogenic stage. IGF-I, which is produced in the granulosa cells, enhance the LH-induced P450arom gene expression and aromatase activity. In IGF-I knockout mice [45] , FSH receptor mRNA was significantly reduced in ovaries, suggesting that IGF-I serves to enhance granulosa cell FSH responsiveness by augmenting FSH receptor expression. Therefore, in teleosts, we hypothesize that, during estradiol-17␤ production, IGF-I increases the responsiveness to LH in estradiol-17␤ production through an increase in LH receptor gene expression. Further studies are necessary to clarify the effects of IGF-I on LH or FSH receptor gene expression. These studies are now in progress in our laboratory.
